S
tem and progenitor cells have been receiving considerable attention as potential tools for the restorative treatment of degenerative diseases affecting the retina and visual system. A sound understanding of the relationship between human retinal progenitor cells (hRPCs) and the normal development of the human eye and the ability to culture cells in vitro are prerequisites to arriving at an effective stem cell treatment. Molecular expression patterns of hRPCs can be better understood in the context of temporally ordered genetic events that lead to the development of the human eye. Different germ layers are formed during embryogenesis, the eye being derived from the ectoderm. Once committed to this lineage, a series of transcription factors act in a multistep cascade to drive the cells toward retinal tissue development. From this point forward, a number of transcription factors (some eye-specific) are activated to control the progressive restriction of lineage potential. These multipotent embryonic and fetal cells, fated to develop into the adult retina, are known as retinal progenitor cells (RPCs). Because of their ontogenetic role, the developmental population of RPCs must have the potential to differentiate into each of the six neuronal cell types (ganglion, horizontal, amacrine, cone, rod, or bipolar cells) or one glial cell type (Müller cell) present in the mature neural retina. 1, 2 Retinal progenitor cells have been isolated from both neonate and adult retina from a number of different species: mouse, 3, 4 rat, 5-7 pig 8, 9 and human. 10 -14 Gene/protein characterization of RPCs has thus far been performed primarily in rodents and pig. 8, 9 Like neural stem cells, RPCs have typically been enriched and characterized based on their ability to proliferate in vitro. 15 Isolation of RPCs involves removing the full neuroretina, dissociating the cells and plating this suspension of heterogeneous cells in culture. The majority of the post mitotic cells undergo cell death and are discarded from the culture, whereas the actively dividing cells continue proliferating as the passages progress. Successful isolation and expansion of RPCs therefore produces viable populations of cells with the potential to develop into functional retinal cells.
In this study, we report for the first time the molecular characterization of freshly isolated and cultured human fetalderived hRPCs. One of the important objectives of this work was to correlate RPC data acquired from animals and humans. It is essential to isolate RPCs at an appropriate developmental/ genetic stage as it has been shown that the differentiation process is controlled by temporally ordered intrinsic and extrinsic factors that determine the capacity of the RPCs to differentiate into mature cells. 16 -19 Furthermore, we sought to determine the stability of gene and protein expression from initial isolation through late passage. An in-depth study of this type has not been conducted on fetal-derived hRPCs. In our results, undifferentiated human retinal progenitor cells expressed several known neurodevelopmental markers identified in other species, and this phenotype was retained in cultured hRPCs up to P6. Furthermore, the undifferentiated hRPCs responded to exogenous signals from postnatal mouse retina. In addition, hRPCs exhibited neural characteristics as evidenced by functional responsiveness to the excitatory neurotransmitters glutamate and N-methyl-D-aspartic (NMDA) acid.
METHODS

Isolation and Standard Cell Culture
Human fetal eyes (14 -18 weeks GA) were obtained through therapeutic termination of pregnancy from Advanced Bioscience Resources (Alameda, CA) with informed consent and IRB approval. The eyes were dissected under sterile conditions and the neuroretina separated as described previously. 3, 9, 12 Briefly, the eyes were rinsed in cold Hanks' buffered salt solution (HBSS), the sclera was punctured just behind the limbus, and the anterior segment was cut away. The vitreous was removed, and the neuroretina was peeled away from the pigment epithelium. Retinas from both eyes were minced and dissociated in sterile collagenase (0.1%; Sigma-Aldrich, Inc., St. Louis, MO) by gently mixing at 250 rpm for 20 minutes. The dissociated cell suspension was then centrifuged at 1000 rpm for 3 minutes, and any remaining undissociated tissue was processed through another cycle in fresh 0.1% collagenase. Four cycles were performed for each donation, to completely dissociate the retina. After centrifugation of the cell suspensions, the pellets were resuspended in culturing medium (Ultraculture; Lonza, Basel, Switzerland) supplemented with 10 ng/mL epidermal growth factor (EGF; Sigma-Aldrich), 20 ng/mL basic fibroblastic growth factor (bFGF; Invitrogen, Carlsbad, CA), 2 mM L-glutamine (Invitrogen), 50 g/mL gentamicin (Invitrogen), and 5% fetal bovine serum (FBS, Invitrogen). The number of live and dead cells was counted by using the trypan blue assay (Sigma-Aldrich). The isolated cells were plated onto fibronectin-coated (100g/mL) tissue culture flasks at a density of 9,000 to 13,000 cells/cm 2 . The cells were cultured at 37°C in the presence of 5% CO 2 . A full medium change without FBS was performed 24 hours after plating.
hRPCs were placed in culturing medium (Ultraculture; Lonza) supplemented with 10 ng/mL EGF, 20 ng/mL bFGF, 2 mM L-glutamine, and 50 g/mL gentamicin. They were fed every 48 hours by replacing half the volume with fresh medium and were passaged as they reached 70% to 85% confluence (every 3-4 days). Briefly, adherent cells were dissociated with 0.25% trypsin (Sigma-Aldrich) for 5 minutes at 37°C. Trypsin activity was neutralized by using trypsin inhibitor with 1% human serum albumin (HSA; Sigma-Aldrich) in DMEM-F12 (Invitrogen). The cells were centrifuged at 1000 rpm for 3 minutes and the pellet was resuspended in medium. Live and dead cells were counted at the time of each passage by using trypan blue and were plated onto new fibronectin-coated flasks at a constant seeding density of 9,000 to 13,000 cells/cm 2 .
hRPCs and Early Retina Co-culture hRPCs from P2 were plated onto fibronectin-coated (100 g/mL) six-well plates (BD Falcon; Bedford, MA) at a density of 13,000 cells/ cm 2 24 hours before co-culturing with dissociated postnatal (days 1-3) DS red mouse retinal cells (Jackson Laboratory, Bar Harbor, ME). For primary mouse retinal cell suspensions, the eyes were enucleated, and the retinas were isolated in nonmitogenic culturing medium (Ultraculture; Lonza) and triturated through a flame-polished glass pipette into a single-cell suspension. The dissociated cells were then centrifuged at 1000 rpm for 3 minutes. After centrifugation, the supernatant was aspirated, and the cells were resuspended in 1 mL of medium. The cells were further dissociated by titurating the suspension until it became homogenous and then dividing it into six equal portions and transferring it onto noncoated 0.4-m pore cell culture inserts (BD Falcon) placed in the six-well plates with the hRPCs. Two six-well plates were used, one containing hRPCs only (control) and the other containing hRPCs adherent to the base of the six-well plate with dissociated mouse retina placed in the insert (co-culture system). Both plates were cultured for 2 weeks and were observed for viability by fluorescence microscopy. These co-cultured cells were then used for genetic profiling by microarray analysis, as described later. The results obtained for both the control and the co-cultured hRPCs were statistically compared by paired t-test.
Immunocytochemistry
hRPCs were grown in fibronectin-coated (100 g/mL) 16-well chamber slides at a density of 9,000 to 13,000 cells/cm 2 . Undifferentiated cells were maintained in culturing medium (Ultraculture; Lonza) with mitogens (EGF and bFGF) for 1 day. The cells were fixed for 30 minutes in 4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS) and were blocked with 10% goat serum and 0. 
Immunoblot Analysis
Cells were cultured as just described. At 70% to 85% confluence, they were dissociated by using trypsin and were spun at 1000 rpm for 3 minutes. After centrifugation, the supernatant was discarded, and the cells were washed in 10 mL of sterile PBS. They were respun at 1000 rpm for 3 minutes, the supernatant was discarded, and the cells were homogenized in lysis buffer (50 mM Tris-HCl [pH 7.6], 150 mM NaCl, 10 mM CaCl 2 , 1% Triton X-100, and 0.02% NaN 3 ) followed by centrifugation. The proteins in the supernatant were isolated, and their concentrations were determined by using a BCA protein assay (Pierce Chemicals, Rockford, IL). Equivalent amounts of protein (50 g) were subjected to SDS-PAGE (8%-10% acrylamide), transferred to nitrocellulose, and probed with the following antibodies: ␤-actin (1:5000, used as a loading control; AbCam), CHX10 (1:1000; Chemicon), nestin (1:1000; BD Transduction Laboratories), and SOX2 (1:1000; Chemicon). Blots were cut and reprobed sequentially, visualized with ECL reagents (NEN, Boston, MA) and exposed to x-ray film (Kodak/Carestream Health; Bio Max Light Film, Rochester, NY).
Microarray Analysis
To perform a comprehensive microarray analysis, we froze samples of isolated hRPCs at P0 (isolation), P1, P3, and P6 in 10% DMSO in medium at Ϫ150°C. The collected samples were revived, washed in 10 Characterization of Human Retinal Progenitor Cells 5903 mL of sterile PBS, and repelleted. Total RNA from the hRPCs pellets was purified (RNeasy Kit; Qiagen, Valencia, CA). Biotin-tagged cRNA was synthesized, used to probe custom-printed oligo arrays via hybridization for 12 to 16 hours (SuperArray Bioscience Corp., Frederick, MD), and subsequently imaged by using chemiluminescent detection in combination with x-ray film detection (Eastman Kodak). The scanned films were imported to Web-based software (GEarray Suite, ver. 2.0; SuperArray Biosciences) for analysis. Each array included a set of internal housekeeping genes used to adjust and correct for loading.
Qualitative absent/present values were evaluated based on 10-minute exposures. A signal that was visually above the background was defined as present. Quantification was assessed by using averaged values obtained from the Web-based software, and t-tests were performed (Prism, ver. 4; GraphPad, San Diego, CA).
Reverse Transcription-PCR
Total RNA was extracted from cultured cells according to the manufacturer's instructions (RNeasy mini kit; Qiagen) followed by in-column treatment with DNase I (Qiagen). Reverse transcription was performed with reverse transcriptase (Omniscriptase; Qiagen) and random primers (Sigma-Aldrich). Amplification of RPS27A (ribosomal protein) served as the internal control. Amplification conditions were 40 seconds/94°C, 40 seconds/55°C, and 1 minute/72°C for 35 cycles. 
Calcium Imaging
RESULTS
Microarray
We developed a focused and customized microarray composed of several retinal fate-specific genes. Among these were markers for immature retinal, mature retinal, and glial cells. In each of the arrays, the housekeeping gene RPS27A (a ribosomal protein that is normally present at a consistent level within each cell) was present and acted as the internal control. Of the 85 genes present on the microarray, we focused our analysis on 14 genes that were most relevant and showed a significant consistency or change in expression. Also, these genes have been widely accepted to specifically represent states of stemness, or differentiation, among retinal cells, and include CHX10, SIX6, SIX3, DACH1, OTX2, GNL3, HES5, HS1, SOX2, PAX6, NES, KI67, VIM, and RPS27A. These genes were used to evaluate six undifferentiated P1 samples and two undifferentiated donations at P1, P3, and P6. To facilitate interpretation, the blotted arrays were analyzed to identify the presence or absence of each genetic marker.
To assess genetic homogeneity between different tissue donations, microarray analysis of donations identified as GS013, GS019, GS024, GS027, GS029, and GS030 were compared (Table 1A) . Based on genetic expression patterns, these donations were assigned to two distinct groups. Group 1 (GS013, GS019, GS024, GS027, and GS030) donations expressed the following genes: VIM, MKI67, NES, PAX6, SOX2, OTX2, SIX6, and CHX10. In addition, GNL3, HES5, and DACH1 were detected in two of the samples within group 1. The microarray results for group 1 correlated with positive immunocytochemistry (ICC) labeling of KI67, SOX2, NES, VIM, and PAX6 (see Fig. 2 ). Group 2 consisted of the single sample population GS029. These cells failed to show the expression of the early developmental transcription factors SOX2 or CHX10.
To address the phenotypic stability of hRPCs in culture, we compared two tissue donations from group 1 (GS024 and GS027) at P0, P1, P3, and P6 (Table 1B) . The expression pattern of vimentin, KI67, NES, PAX6, and SOX2 remained consistent between the two populations (GS024 and GS027) across all the passages tested. The expression of SIX6 was not lost until P6 in the GS024-derived culture. On the other hand, the expression of OTX2, DACH1, CHX10, and HES5 was lost during the culture process. Of interest, the expression of GNL3, which was not present in P0 samples, was consistently maintained in both the cultured donations from P1 to P6. In addition, a table of complete microarray results indicates the total qualitative absence or presence of gene expression derived from microarray blot analysis (Table 2) .
Immunoblot
Western blot analysis was performed on various samples, and the protein was probed for PAX6, CHX10, SOX2, and nestin ( Supplementary Fig. S1 , http://www.iovs.org/cgi/content/full/ 50/12/5901/DC1), all being positive in the samples studied.
The results further support the findings obtained through microarray and ICC, with the exception of CHX10, which persisted through P3 on Western blot, but not on the microarray.
Reverse Transcription-PCR
To further evaluate the presence of message detected using microarray, RT-PCR was used to evaluate the presence of message in hRPCs across passages ( Supplementary Fig. S2 In addition to the immature markers, a subpopulation stained positively for recoverin. As in the case of the microarray analysis, we performed ICC across progressive passages (P1, P3, and P6) to evaluate their phenotype based on a specific panel of immature (CRX, KI67, nestin, PAX6, SOX2, and vimentin) and mature (blue opsin, GFAP, recoverin) markers (Fig. 3) . Blue opsin, CRX, and GFAP did not show positive staining patterns; whereas KI67, SOX2, and vimentin were broadly positive at P1 but showed a gradual temporal decline in expression toward P6 (52.20% Ϯ 3.32%, 47.40% Ϯ 3.53%, and 86.11% Ϯ 1.55%, respectively), yet still retained expression at that passage point. However, nestin and PAX6 expression was maintained at a constant level through each of the passages.
Co-culture
To assess whether the genetic profile of hRPCs could be influenced by their environment, we set up an experiment that compared control hRPCs with a co-culture system (hRPCs and dissociated postnatal mouse retina) based on microarray results. After 2 weeks in culture, both the control and co-cultured hRPCs were lysed, and the RNA was isolated and analyzed through our focused microarray. Included in Figure 3 is a condensed list of genes that showed an increased expression compared with the control group. Paired t-test showed significant increases in the genes KI67 (1.
.85 Ϯ 0.67) (all P Ͻ 0.05), and SOX2 (2.05 Ϯ 0.14; P Ͻ 0.01).
Calcium Imaging
Intracellular calcium dynamics, in response to transmitter stimulation, were analyzed for P2 hRPCs cultured in mitogenic medium (Ultraculture; Lonza). The cells were plated at a low density to allow for high-resolution imaging of individual cells and recording of changes in fura-2 fluorescence, an indicator of intracellular calcium influxes. We found that a high percentage (75%) of hRPCs stimulated with 1 mM of glutamate responded with calcium influxes (Figs. 4A-C) . Glutamate-induced averaged peak calcium influxes for 12 cells was 124 Ϯ 25 nM [SEM]). A lower percentage (65%) of five hRPCs responded with calcium influxes in response to 1 mM NMDAϩ1 mM glycine (Figs. 4D-F) . Averaged peak calcium influxes in response to NMDA reached 82 Ϯ 29 nM. Responses to each 
DISCUSSION
In this study, we used a custom-designed microarray, which is being newly evaluated. We recognize that the novelty of this microarray may limit the interpretation of the resulting data.
Microarray results therefore are presented in addition to protein and functional analysis. We propose that, taken together, the data offer a window into hRPC expression and physiology. The identified characteristics should be considered relative to cell age, heterogeneity, and culture conditions, which may influence rates of transcription and translation. Microarray analysis of hRPCs revealed that during P1, the cells expressed the immature markers KI67, SOX2, GNL3, NES, VIM, PAX6, CHX10, OTX2, and SIX6 indicating that, in accordance with previously published data for porcine RPCs, 9 our isolated hRPCs were fated to the development of neural retinal tissue. Of these markers, KI67, SOX2, and GNL3 have been shown to be important proteins in cell cycle progression. Current data indicate that KI67 is a nuclear antigen that is expressed in all phases of the cell cycle (G 1 , S, G 2 , and M) except G 0 . 20 The expression of this gene along with the other cell cycle genes through P6 showed the ability of the hRPCs to proceed through active cell division during in vitro expansion. Based on our ICC data, the expression of KI67 and SOX2 decreased as these hRPCs reached P6 and indicated a progressive decline in the proliferative ability of these cells, a finding that is consistent with our observations of in vitro growth dynamics of hRPCs (UA, unpublished data, 2008). These cells remained in a proliferative phase during the first six to seven passages, doubling in number over the first two to three passages and giving rise to hundreds of millions of cells. The growth rate gradually declined as the cells progressed through higher passages, eventually reaching a plateau phase (after ϳ1 month of culture), which was accompanied by a reduction in the proliferation gene KI67 (50%) and the absence of SOX2. In addition, expression of several genes remained, including VIM and NES, which may be indicative of glial cell fates at later passages.
In addition to these cell cycle genes, we identified some that are more specifically associated with the development of the brain and the eye. For example, we found that SIX6 was present in sample GS024 up to P3 and in sample GS027 up to P6. The presence of SIX3 has been suggested to direct brain and eye development, whereas SIX6 is more specifically involved in eye development. Both SIX3 and SIX6 are in part responsible for the proliferation of cells. In the mouse, SIX6 has been shown to be involved in the specification and formation of the ventral optic stalk and later in the determination and differentiation of the neural retina. 21 Next, we showed that PAX6, a gene closely associated with ocular development, was present through P6, suggesting preservation of eye specific lineage restriction. [22] [23] [24] We also demonstrated by gene microarray that CHX10 RNA ceased to be detected beyond P1, whereas CHX10 protein remained positive through P3 on Western blot analysis. Although it is challenging to establish a clear correlation between mRNA levels and protein abundance, analysis of both are valuable in understanding transient cellular processes involved in cell fate determination. 25 Regardless, the co-expression of CHX10 and PAX6 is significant because only neural retinal progenitors co-express these genes during development. 26, 27 The expression of the genes CHX10, PAX6, and SIX6 through P3 and P6, in addition to the previously described proliferation-specific genes, indicates that the in vitro expansion techniques used for this study preserve hRPCs in an undifferentiated and proliferative state up to P6. The second group (donation GS029) expressed neither the SOX2 nor the CHX10 gene, reflecting a relative lack of multipotency in this population. Further evidence that cells from GS029 were developmentally more mature comes from the slower growth dynamics and rate of mitotic division observed in this particular donation (data not shown). By comparing co-cultured hRPCs with the control population, we observed increases in the expression of the markers KI67, PAX6, GNL3, SIX3, rhodopsin, and SOX2 in response to exposure to developing retina. The evaluated cell line represents a heterogeneous population of mitotically active progenitors isolated from 14-to 18-week retinas. Although subpopulations of cells of this developmental age express CRX in vivo, the percentage of viable cultured cells expressing CRX may be low, or alternatively low expression levels may not be detectable with current techniques. Finally, it is possible that the antibody was not effective in this application. It is interesting to note that other immature retinal markers were upregulated along with rhodopsin, a mature rod photoreceptor marker. The results suggest that a subpopulation of co-cultured cells were directed toward a mature photoreceptor state, whereas most continued to proliferate. The observed expression pattern of proliferating and differentiating cells probably results from heterogeneity within the cultured population of cells used in this assay. It should be noted that our microarray results did not show expression of recoverin or any other mature photoreceptor markers. This pattern could be due to the location of the cells in the differentiation timeline or the method of co-culture. Overall, these findings suggest that hRPCs possess intrinsic predictors of cell fate as demonstrated in other mammalian species. The interaction of exogenous factors with the internal response properties of the hRPCs appears to influence expression patterns and consequential fates.
The response of hRPCs to glutamate and NMDA indicate that these cells express the predominant excitatory glutamatergic receptors found in the developing and mature retina. In addition, robust calcium influxes demonstrate in vitro viability and responses typical of a neural phenotype. These functional data support our ICC and microarray data, indicating a neural phenotype of these cells via the expression of the neural stem cell markers SOX2, SIX3, and NES. Taken together, these findings provide evidence that cycling hRPCs can be maintained in vitro with preserved genotypic and physiologic properties similar to normal retinal tissue.
